The symptoms of Parkinson disease are thought to result in part from increased burst activity in globus pallidus neurons. To gain a better understanding of the factors governing this activity, we studied delayed rectifier K ϩ conductances in acutely isolated rat globus pallidus (GP) neurons, using whole-cell voltage-clamp and single-cell RT-PCR techniques. From a holding potential of Ϫ40 mV, depolarizing voltage steps in identified GP neurons evoked slowly inactivating K ϩ currents. Analysis of the tail currents revealed rapidly and slowly deactivating currents of similar amplitude. The fast component of the current deactivated with a time constant of 11.1 Ϯ 0.8 msec at Ϫ40 mV and was blocked by micromolar concentrations of 4-AP and TEA (K D ϳ140 M). The slow component of the current deactivated with a time constant of 89 Ϯ 10 msec at Ϫ40 mV and was less sensitive to TEA (K D ϭ 0.8 mM) and 4-AP (K D ϳ6 mM). Organic antagonists of Kv1 family channels had little or no effect on somatic currents. These properties are consistent with the hypothesis that the rapidly deactivating current is attributable to Kv3.1/3.2 channels and the slowly deactivating current to Kv2.1-containing channels. Semiquantitative single-cell RT-PCR analysis of Kv3 and Kv2 family mRNAs supported this conclusion. An alteration in the balance of these two channel types could underlie the emergence of burst firing after dopamine-depleting lesions.
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Parkinson's disease (PD) is a common neurodegenerative disease characterized by rigidity, tremor, and bradykinesia (Bergman et al., 1998) . The symptoms of disease are attributable to the loss of dopaminergic neurons in the substantia nigra pars compacta (Albin et al., 1989) . These dopaminergic neurons richly innervate basal ganglia nuclei, particularly the striatum (Graybiel, 1990) . Studies in primate models of PD surprisingly have found few changes in striatal activity (Nisenbaum et al., 1988) . However, clear changes have been detected in the activity of one of the major targets of the striatum -the globus pallidus (GP). 2, 3, 6 -tetrahydropyridine (M P TP) lesions of dopaminergic neurons, neurons in the external segment of the GP exhibit a greater degree of synchrony and burst firing (Filion et al., 1991; Hutchison et al., 1994; Nini et al., 1995) . The bursting activity patterns found in this model are correlated with muscle tremor (Bergman et al., 1998) . Neural recordings in humans suffering from PD have noted similar alterations in GP activity (Lozano et al., 1996; Taha et al., 1996) . The proposition that this pathophysiology plays an important role in determining the motor symptoms of PD is consistent with the success of pallidotomy (Lozano and Lang, 1998) .
The intrinsic mechanisms that permit the emergence of burst firing in GP neurons are poorly defined. Although several factors are likely to be involved, voltage-dependent K ϩ channels must be key enablers of this anomalous activity pattern. For example, delayed rectifier channels regulate spike repolarization and afterpotentials that determine refractory periods and the ability to discharge at high frequencies. At least five gene families are known to code for subunits having delayed rectifier-like properties (Kv1, Kv2, Kv3, eag, KCNQ) (Pongs, 1992; Shi et al., 1997 Shi et al., , 1998 H. Wang et al., 1998) . Of these, Kv3.1/3.2 channels are unique in their ability to deactivate within 1 msec at Ϫ60 mV (Vega-Saenz de Robertson, 1997) . Several studies have concluded that these channels underlie a "fastspiking" pattern found primarily in GABAergic interneurons (Du et al., 1996; Massengill et al., 1997; Martina et al., 1998; L. Wang et al., 1998) . For example, blocking a rapidly deactivating Kv3-like K ϩ current reduces the ability of interneurons to discharge at high frequencies. On the other hand, Kv2.1/2.2 channels are more slowly deactivating (Hwang et al., 1992; Kirsch et al., 1993) . The prolonged deactivation of these channels at negative membrane potentials should increase the relative refractory period, effectively slowing discharge rates. By regulating the coexpression of these Kv3 and Kv2 family channels, neurons may tune their discharge patterns effectively. This view is consistent with recent studies of hippocampal pyramidal neurons and interneurons that used combined patch-clamp and mRNA profiling techniques (Martina et al., 1998) .
It is not clear whether globus pallidus neurons use similar mechanisms to control discharge patterning. As a first step toward evaluating this possibility, acutely isolated rat GP neurons were studied with voltage-clamp and single-cell reverse transcription-PCR (scRT-PCR) techniques. These studies revealed the presence of both a rapidly deactivating current attributable to Kv3.1/3.2 channels and a slowly deactivating current attributable to Kv2.1/2.2 channels. The amplitude of these currents at depolarized potentials was nearly the same, suggesting that modest changes in the relative expression of either subunit could have substantial effects on critical current properties and discharge patterning in GP neurons.
MATERIALS AND METHODS
T issue preparation. Globus pallidus, neostriatal, and basal forebrain neurons from young adult rats were dissociated acutely, using procedures similar to those we have described previously (Surmeier et al., 1995) . In brief, the rats were anesthetized with methoxyflurane and decapitated; brains were removed quickly, iced, and blocked for slicing. Sagittal slices (300 m) were cut with a Microslicer (Dosaka, Kyoto, Japan) while bathed in zero C a 2ϩ solution containing (in mM): 140 sodium isethionate, 2 KC l, 4 MgC l 2 , 23 glucose, and 15 H EPES, pH 7.4 (300 -305 mOsm / l). Slices were incubated for 1-6 hr at room temperature (20 -22°C) in NaHC O 3 -buffered saline bubbled with 95% O 2 /5% C O 2 containing (in mM): 126 NaC l, 2.5 KC l, 2 C aC l 2 , 2 MgC l 2 , 26 NaHC O 3 , 1.25 NaH 2 PO 4 , 1 pyruvic acid, 0.2 ascorbic acid, 0.1 N G -nitro-L-arginine, 1 kynurenic acid, and 10 glucose, pH 7.4 (300 -305 mOsm / l). Then the slices were removed into the zero C a 2ϩ solution, and regions of globus pallidus or dorsal neostriatum were dissected with the aid of a dissecting microscope and placed in an oxygenated C ell-Stir chamber (Wheaton, Millville, NJ) containing Pronase (1-2 mg /ml; Sigma protease type X IV, St L ouis, MO) in H EPES-buffered HBSS (Sigma) at 35°C. After 20 -40 min of enzyme digestion, the tissue was rinsed three times in zero C a 2ϩ buffer and dissociated mechanically with a graded series of fire-polished Pasteur pipettes. Then the cell suspension was plated into a 35 mm L ux Petri dish containing H EPES-buffered HBSS saline, and the dish was mounted on the stage of an inverted microscope. All reagents were obtained from Sigma.
Electrophysiolog ical methods. Whole-cell recordings used standard techniques (Hamill et al., 1981; Song and Surmeier, 1996) . Electrodes were pulled from Corning (Corning, N Y) 7052 glass and were firepolished before use. The internal solution consisted of (in mM): 30 -60 K 2 SO 4 , 30 -60 N-methyl-D-glucamine, 2 MgC l 2 , 40 H EPES, 5 EGTA, 12 phosphocreatine, 2 Na 2 ATP, 0.2 Na 3 GTP, and 0.1 leupeptin, pH 7.2, with H 2 SO 4 (osmolarity, 260 -270 mOsm / l). The external solution consisted of (in mM): 140 Na-isethionate, 2 KC l, 4 MgC l 2 , 10 H EPES, 12 glucose, and 0.001 TTX, pH 7.35, with NaOH (osmolarity, 295-305 mOsm / l).
In all experiments Na ϩ currents were blocked with TTX, and C a 2ϩ currents were eliminated by replacing the calcium with magnesium in the external solution. In some experiments, 4-aminopyridine (4-AP; Sigma) or tetraethylammonium chloride (TEA; Sigma) was applied. When 4-AP was included in the extracellular solutions, the pH was adjusted to 7.35 by using H 2 SO 4 . When 4-AP and TEA were applied at concentrations Ͼ1 mM, the osmolarity was adjusted by reducing the concentration of Naisethionate. Solutions were applied by a gravity-fed sewer pipe system. An array of application capillaries (ϳ400 m inner diameter) was positioned a few hundred micrometers from the cell under study. Solution changes were effected by altering the position of the array with a DC drive system controlled by a microprocessor-based controller (Newport, Irvine, CA). Solution changes were complete within Ͻ1 sec. Recordings were obtained with an Axon Instruments 200 patch-clamp amplifier and controlled and monitored with a PC running pC lamp software (version 7.0) with a 125 kHz interface (Axon Instruments, Foster C ity, CA). Electrode resistance was typically 1.5-2.2 M⍀ in the bath. After seal rupture the series resistance (4 -10 M⍀) was compensated (75-90%) and monitored periodically. Potentials were not corrected for the liquid junction potential, which was estimated to be 1-2 mV. All averaged data are presented as an average Ϯ SEM. All data fits were obtained with Igor Pro (version 3.12, WaveMetrics, Lake Oswego, OR) software by the least-squares method. Activation data were fit with a Boltzmann equation of the form: 1/(1 ϩ exp [(V h Ϫ V )/V c ], where V stands for membrane potential, V h is the half-activation voltage, and V c is the slope constant. Dose -response data were fit with a Langmuir isotherm of the form: C/(C ϩ IC 50 ), where C stands for a concentration of the blocking agent. Statistical analyses were run with SYSTAT (version 5.2; Evanston, IL); small, nonmatched samples were analyzed with Kruskal -Wallis ANOVA.
Single-cell RT-PCR (scRT-PCR) . T wo types of scRT-PCR profiling were performed. To maximize mRNA yields, we aspirated some neurons without recording. Isolated neurons were patched in the cell-attached mode and lifted into a stream of control solution. Neurons then were aspirated into the electrode. Electrodes contained ϳ5 l of sterile water. In other experiments the neurons briefly were subjected to whole-cell voltage-clamp recordings before aspiration. In these cases the electrode recording solution was made nominally RNase-free, and the total volume was kept near 5 l. In both sets of experiments the capillary glass used for making the electrodes was autoclaved and heated to 200°C for 1 hr. Sterile gloves were worn during the procedure to minimize RNase contamination. After aspiration of the neuron the electrode was removed from the holder and broken; the contents were ejected into a 0.5 ml Eppendorf tube containing 3.6 l of diethyl pyrocarbonate-treated water, 0.7 l of RNasin (28,000 U/ml), and 0.7 l of oligo-dT (0.5 g/l). The mixture was heated to 70°C and incubated on ice for 1 min. Single-strand cDNA was synthesized from the cellular mRNA by the addition of SuperScript II RT (1 l, 200 U/l), 10ϫ PCR buffer, MgC l 2 (2 l, 25 mM), DTT (2 l, 0.1 M), and mixed dN TPs (1 l, 10 mM), followed by incubation at 42°C for 50 min. The reaction was terminated by heating the mixture at 70°C for 15 min and then icing it. The RNA strand in the RNA-DNA hybrid was removed by adding 1 l of RNase H (2 U/l) and was incubated for 20 min at 37°C. All reagents except RNasin (Promega, Madison, W I) were obtained from Life Technologies (Grand Island, N Y) . The cDNA from the reverse transcription (RT) of RNA in a single neuron was subjected to PCR to detect the expression of various mRNAs. Conventional PCR was performed with a thermal cycler (MJ Research, Watertown, M A). PCR primers were developed from GenBank with the commercially available software OLIGO (National Biosciences, Plymouth, M N). Primers for choline acetyltransferase (ChAT), GAD67, Kv3.4, and parvalbumin (PV) were described previously (Song and Surmeier, 1996; Yan and Surmeier, 1996; Tkatch et al., 1998; Vysokanov et al., 1998) . Kv2.1 mRNA (GenBank accession X16476) was detected with a pair of primers 5Ј-CAACTTCGAGGCGGGAGTC (position 2244) and 5Ј-TCCAGTCAACCCTTCTGAGGAGTA (position 2449), which give a PCR product of 229 bp. Kv2.2 mRNA (GenBank accession M77482) was detected with a pair of primers 5Ј-ACCAGGAGGTTAGC-CAAAAAGACT (position 1861) and 5Ј-AGGCCCCTTATCTCTGCT-TAGTGT (position 2283), which give a PCR product of 446 bp. Kv3.1 mRNA (GenBank accession X62840) was detected with a pair of primers 5Ј-CCAACAAGGTGGAGTTCATCAAG (position 1089) and 5Ј-TGGTGTGGAGAGTTTACGACAGATT (position 1704), which give a PCR product of 640 bp. Kv3.2 mRNA (GenBank accession X62839) was detected with a pair of primers 5Ј-ACC TAATGATCCC TCAGC -GAGTGA (position 1417) and 5Ј-CAAAATGTAGGTGAGCTTGCCA-GAG (position 1692), which give a PCR product of 302 bp.
PCR procedures were performed following procedures designed to minimize the chance of cross-contamination (C imino et al., 1990) . Negative controls for contamination from extraneous and genomic DNA were run for every batch of neurons. To ensure that genomic DNA did not contribute to the PCR products, we aspirated and processed neurons in the normal manner, except that the reverse transcriptase was omitted. Contamination from extraneous sources was checked by replacing the cellular template with water. Both controls were consistently negative in these experiments.
RESULTS
Our previous work has shown that ϳ15-20% of the neurons dissociated from the globus pallidus region express ChAT mRNA-a marker of cholinergic neurons . Because it is believed that all globus pallidus projection neurons are exclusively GABAergic (Rouzaire-Dubois et al., 1980; Gritti et al., 1993) , these neurons are considered to be displaced cholinergic neurons from the adjacent basal forebrain nucleus of Meynert (Armstrong et al., 1983; Tkatch et al., 1998) . Unless otherwise noted, all of the GP neurons reported here expressed mRNA for glutamate decarboxylase (67 kDa isoform) (GAD67), but not ChAT. Of these, 24 GP neurons were subject to physiological analysis, and an additional sixty-three were sampled for scRT-PCR alone.
Tail currents were bi-exponential
Delayed rectifier currents were evoked by depolarizing voltage steps from a holding potential of Ϫ40 mV. Previous work had shown that A-and D-type K ϩ currents inactivate within seconds at this potential (Stefani et al., 1992 (Stefani et al., , 1995 our unpublished observations) . The currents evoked by this protocol were either noninactivating or slowly inactivating (Fig. 1 A) . To estimate the voltage dependence of activation and deactivation kinetics, we measured tail currents at Ϫ40 mV immediately after the test voltage step. As shown in Figure 1 B, tail current amplitudes saturated for test steps above ϳ0 mV. K inetic analysis of the tails clearly indicated that there were fast and slow components of the tail currents (see the semilog plot inset, Fig. 1 B) . The time constant of each component was estimated from a bi-exponential fit of the tail currents after a step to ϩ20 mV. The fast component had a time constant of 11.1 Ϯ 0.8 msec, and the slow component had a time constant of 89 Ϯ 10 msec (n ϭ 10; at Ϫ40 mV). These time constants then were used to constrain the bi-exponential fit of tail currents after steps to less depolarized potentials. The fast and slow components of the tail separated in this way are shown in Figure 1 , C and D, respectively. Plots of the fast and slow tail amplitude as a f unction of test voltage were fit with a Boltzmann function (Fig. 1 E) . Although there was a tendency for the slow component to activate at more negative potentials (V h ϭ Ϫ18 mV; V c ϭ 7 mV) than the fast component (V h ϭ Ϫ13 mV; V c ϭ 5 mV), this difference was not statistically significant ( p Ͼ 0.05; n ϭ 4; Kruskal-Wallis ANOVA). In addition to being similar in voltage dependence, these two components were similar in size. The amplitude of the rapidly deactivating current was, on average, 56 Ϯ 3% of the total current (n ϭ 10). The conductance density of the rapidly deactivating currents was, on average, 3.8 Ϯ 0.9 nS/pF, whereas the slowly deactivating current was 3.0 Ϯ 0.8 nS/pF (n ϭ 10).
Because previous studies have suggested that PV expression may be an important predictor of functional properties of GP neurons (Kita, 1994; Kawaguchi et al., 1995) , GAD-expressing GP neurons having detectable levels of PV mRNA were compared with those that lacked such expression. Although these two populations did not differ significantly in their current amplitudes, the ratio of the rapidly to slowly deactivating current was significantly larger in neurons having detectable levels of PV mRNA (median ϭ 1.5; n ϭ 4) than in neurons lacking detectable PV mRNA (median ϭ 0.9; n ϭ 5; p Ͻ 0.02; Kruskal-Wallis ANOVA).
Rapidly and slowly deactivating currents were pharmacologically distinguishable
The differences in the voltage dependence of the rapidly and slowly deactivating currents suggest that they are attributable to distinct channel proteins. To test this hypothesis, we used pharmacological tools.
First, the sensitivity of each component of the tail current to TEA was examined. TEA commonly is found to block delayed rectifier currents (Rudy, 1988) . At the lowest concentration tested in this cell (100 M), TEA significantly reduced currents evoked by a test step to ϩ40 mV from a holding potential of Ϫ60 mV (Fig. 2 A) . Increasing the concentration of TEA progressively blocked more of the current, but a component was left unblocked by the highest concentration tested (10 mM) in this cell (similar results were obtained with up to 50 mM TEA in other cells). Analysis of the fast and slow components of the tail current revealed a differential sensitivity to TEA. The fast component of the tail was very sensitive to TEA (Fig. 2C) , having an IC 50 of 0.14 mM (Fig. 2 E) . On the other hand, the slow component of the tail current was blocked significantly at higher concentrations (Fig.  2 D) , having an IC 50 (0.80 mM) nearly six times greater than the fast component (Fig. 2 E) .
Second, the sensitivity of each component of the tail current to 4-AP was examined. In many vertebrate neurons, 4-AP preferentially blocks A-like potassium current (Rudy, 1988) , but recently it has been shown that some types of delayed rectifier current are also sensitive to submillimolar concentrations of 4-AP (Du et al., 1996; Massengill et al., 1997; Martina et al., 1998; L. Wang et al., 1998) . These 4-AP-sensitive delayed rectifiers typically deactivate rapidly (Du et al., 1996) , much like Kv3.1/3.2 channels (VegaSaenz de . In GP neurons, low concentrations (0.1 mM) of 4-AP significantly reduced the total current (Fig. 3A) . As predicted, the rapidly deactivating component of the current was more sensitive to 4-AP than the slowly deactivating compo- nent (Fig. 3C,D) . The estimated IC 50 for the fast component was 0.14 mM, whereas it was Ͼ1 mM for the slow component of the tail current (Fig. 3E) .
Last, the sensitivity of each component of the tail current to margatoxin (MgTX) and ␣-dendrotoxin (DTX) was examined. These two toxins block Kv1 family channels. DTX blocks Kv1.1, Kv1.2, and Kv1.6 channels, and MgT x blocks Kv1.2 and Kv1.3 channels (Grupe et al., 1990; Grissmer et al., 1994; Vega-Saenz de Miera et al., 1994) . Neither toxin substantially reduced whole-cell currents. MgT x (5 nM) reduced peak current by only 9 Ϯ 3% at ϩ40 mV (n ϭ 4; data not shown). DTX (100 nM) did not have any detectable effect in seven of nine cells tested (data not shown). In two cells it reduced peak current by ϳ15% at ϩ40 mV (data not shown). These results argue that Kv1 family channels do not make a major contribution to proximal somatodendritic K ϩ currents and are consistent with immunocytochemical studies suggesting an axonal and terminal location in globus pallidus neurons (Sheng et al., 1992; Rhodes et al., 1997) and other cell types (Sheng et al., 1993; Martina et al., 1998; Song et al., 1998) (but see Maletic-Savatic et al., 1995) .
Single-cell RT-PCR analysis revealed Kv2.1 and Kv3.1/3.2 coexpression
The biophysical and pharmacological properties of two components of the delayed rectifier suggest that they are attributable to two distinct channel types. Rapid deactivation and high affinity for both TEA and 4-AP are characteristics typical of channels containing Kv3.1/3.2 subunits (Vega-Saenz de . The insensitivity to MgTx and DTX is also consistent with this identification. In agreement with this conclusion, scRT-PCR analysis detected Kv3.1 mRNA in 21 of 31 GP neurons that were tested. Kv3.2 mRNA was detected in a smaller percentage of GP neurons (6/13). To gain a better understanding of the less than perfect detection probabilities, we undertook semiquantitative analyses of Kv3.1 and Kv3.2 mRNA abundance (Song et al., 1998; Tkatch et al., 1998) . These studies used a serial dilution technique to determine what fraction of the total cellular cDNA was required to reach a standard detection threshold with PCR. The higher the abundance of a particular template, the smaller will be the fraction of the cellular cDNA required to reach the detection threshold. Because this approach controls for differences in reverse transcription and amplification efficiency, a transcript can be compared across a single population or between populations. In the case at hand, if two populations of GP neuron were presentone expressing high levels of Kv3.1/3.2 and another expressing little or none -the distributions of detection thresholds should be bimodal. In fact, the distributions of both Kv3.1 and Kv3.2 were mainly unimodal (Fig. 4 B,C) , arguing that, insofar as these mRNAs were concerned, GP neurons were approximately similar (these results do not exclude the possibility that there are smaller quantitative differences between GP neurons). A comparison of neurons having detectable levels of PV with those lacking detectable levels failed to reveal any significant differences in Kv3.1 or Kv3.2 expression levels. This conclusion is consistent with the electrophysiological data showing the presence of a rapidly deactivating component of the tail current in all GP neurons, regardless of PV detection.
Less clear is the identity of the slowly deactivating component of the delayed rectifier currents. Kv2.1 channels are slowly deactivating, with time constants similar to those seen here. They are also relatively insensitive to 4-AP and insensitive to MgTx and DTX-as is the slowly deactivating current in GP neurons. The one notable difference between the reported properties of Kv2.1 channels and the GP current is their sensitivity to TEA. In heterologous expression systems, rat Kv2.1 channels have a very low affinity for TEA, having IC 50 values between 3 and 10 mM (Frech et al., 1989; Taglialatela et al., 1991; Ikeda et al., 1992) . In contrast, our estimated IC 50 was Ͻ1 mM.
Two additional experiments were performed to test the linkage between the slowly deactivating current and Kv2.1 channels. First, in addition to slow deactivation, Kv2.1 channels inactivate slowly at depolarized potentials (VanDongen et al., 1990) . To determine whether the slowly deactivating current also inactivated slowly, we isolated this component of the current by recording in the presence of 0.3 mM TEA (approximately twice the IC 50 of the rapidly deactivating component). The inactivating component of the remaining current was isolated by subtraction. As shown in Figure 5A , currents were evoked first by a step to ϩ40 mV from a holding potential of Ϫ60 mV. The noninactivating part of the current was isolated by stepping to 0 mV for 10 sec before the test step to ϩ40 mV. Subtraction of the currents evoked with the prepulse from those evoked without the prepulse currents yielded an estimate of the inactivating current (Fig. 5B) . The initial component of the current isolated by this procedure inactivated more rapidly than currents attributable to Kv2.1 (VanDongen et al., 1990) . Based on our profiling data (not shown), this rapidly inactivating component of the current is attributable mainly to channels containing Kv3.4 subunits (Schroter et al., 1991; Vega-Saenz de Miera et al., 1994) . These channels inactivate almost completely in the first 500 msec of the step at ϩ40 mV and should not contribute to tail currents. So, in the presence of 0.3 mM TEA, currents late in the response should be attributable mainly to Kv2.1-like channels. In agreement with this conclusion, tail currents at the end of the step were mainly slow (slow tail amplitude was ϳ80% of the total), in contrast to the control condition in which the rapidly deactivating component was ϳ60% of the peak current. Semilog plots of evoked currents also showed that the late component of the currents decayed with a time constant near 3 sec at ϩ40 mV (Fig. 5B ), similar to that described for Kv2.1 current in heterologous systems (VanDongen et al., 1990; Klemic et al., 1998) . To determine TEA sensitivity of this component, we recorded currents in increasing concentrations of TEA (Fig. 5A,C) . A plot of the fraction of the inactivating current (measured at the end of the step) blocked as a function of TEA concentration is shown in Figure 5D . The IC 50 estimated from a Langmuir isotherm fit of these data was 0.8 mM-the same value obtained for the slowly deactivating tail currents.
Next, scRT-PCR experiments were performed to determine whether GP neurons expressed Kv2.1 mRNA. In 12 of 16 GP neurons that were examined, Kv2.1 mRNA was detected. Kv2.2 mRNA also was detected, but at much lower frequencies (two of eight). Multiplex amplification consistently found coexpression of Kv2.1 and Kv3.1 mRNAs (data not shown). Serial dilution experiments showed that Kv2.1 detection thresholds were distributed unimodally, arguing for a single population of GP neurons insofar as Kv2.1 expression was concerned. This again was consistent with the electrophysiological data showing that all GP neurons expressed the slowly deactivating current. Then an attempt was made to correlate Kv2.1 detection thresholds in individual GP Figure 4 . Serial dilution experiments demonstrate that Kv3.1 and Kv3.2 mRNAs are expressed by GP neurons and that variation in detection frequency is not likely to reflect prominent subpopulations. A, Representative serial dilution gel for Kv3.1 mRNA detection in GP neuron. The first lane on the left of gel is the marker. The first lane on the right is for PV mRNA detection with no visible PCR product band; hence, the cell was PV mRNA-negative. The second band on the right is for ChAT mRNA detection with no visible PCR product band; hence the neuron was not ChAT-positive. The four lanes in between were obtained after the use of an increasing (from lef t to right) amount of total cellular cDNA (expressed in log 2 units) to detect Kv3.1 mRNA. Note that one-eighth of the total cDNA was enough to detect Kv3.1 transcripts in this cell. B, Summary of detection thresholds for Kv3.1 mRNA detection in GP neurons. The thin line represents a Gaussian fit. C, Summary of detection thresholds for Kv3.2 mRNA detection in GP neurons.
neurons to current amplitudes recorded in that neuron. In these experiments the amplitude of the inactivating current was measured ( Fig. 5) rather than the tail currents to avoid the possible contribution of KCNQ family genes-these genes encode a noninactivating channel with a pharmacological profile and deactivation kinetics similar to that of Kv2.1 channels (H. Wang et al., 1998) . In our sample of GP neurons the amplitude of the slowly inactivating current measured in the presence of 0.3 mM TEA and Kv2.1 detection thresholds were positively correlated, but the correlation was not strong. For example, at a given current amplitude the detection thresholds could vary by a factor of two or more. Because the scRT-PCR was performed after extended electrophysiological recording, the weakness of the correlation is not particularly surprising. Variation in mRNA degradation during recording, aspiration, or RT efficiency all could have contributed to the failure to detect a correlation.
To overcome this obstacle, we altered our experimental strategy in two ways. First, to increase the range of Kv2.1 mRNA expression in our sample, we studied two additional populations of neuron. Basal forebrain cholinergic neurons and striatal cholinergic interneurons both have Kv2.1-like currents but in very different relative amplitudes. Initial profiling work suggested that basal forebrain neurons expressed high levels of Kv2.1 mRNA, and cholinergic interneurons expressed low levels. Second, rather than trying to profile neurons after prolonged recording that could compromise our ability to estimate Kv2.1 mRNA abundance accurately, we divided neurons into two groups. One group was studied electrophysiologically to determine the amplitude of the Kv2.1-like current. These neurons were profiled only for phenotyping markers (GAD67, ChAT, PV). The other group was simply aspirated and profiled without recording. Because basal forebrain and striatal cholinergic neurons could be identified visually in the dissociated cell preparation, sampling from them was relatively straightforward. Then these neurons were subjected to serial dilution analysis of Kv2.1 mRNA abundance.
The serial dilution experiments are summarized in Figure 6 . On the left side of each panel is a representative gel from an individual neuron showing the serial dilution of cellular cDNA. On the right of each panel is a histogram showing the distribution of detection thresholds in our sample of neurons. Each histogram is fit with a Gaussian function. Note that, as with Kv3.1 mRNA, the detection thresholds in GP neurons were distributed unimodally, arguing that there were not pronounced differences in expression within this population. Explicit comparisons of neurons having detectable levels of PV mRNA with those lacking detectable levels failed to resolve a clear difference in Kv2.1 mRNA abundance. As can be seen by comparing the distributions in the other neuronal populations, Kv2.1 mRNA was of intermediate abundance in GP neurons relative to that in basal forebrain cholinergic neurons and striatal cholinergic interneurons.
Next, the amplitude of the inactivating current in the presence of 0.3 mM TEA and 100 nM DTX was measured with a protocol like that described in Figure 5 . Again, currents were measured at the end of the test step to minimize the contribution of Kv3.4 and any other rapidly inactivating channel. A representative set of current traces from a GP neuron is shown in Figure 7A . The mean Kv2.1-like current measured in each population then was plotted against the mean detection threshold (expressed as a fraction of total cDNA) for Kv2.1 mRNA in that same population. The result is shown in Figure 7B . The data were very well fit with a straight line (R 2 ϭ 0.98) having a zero intercept. The strength of the correlation argues that the slowly inactivating, slowly deactivating current in GP neurons is attributable to K ϩ channels containing Kv2.1 subunits. 
DISCUSSION
Our results show that delayed rectifier currents in rat GP neurons have rapidly and slowly deactivating components that are approximately equal in size. In addition to deactivation kinetics, these two currents differed in their activation voltage dependence and their sensitivity to the inorganic K ϩ channel blockers TEA and 4-AP. These differences were consistent with their attribution to distinct channel types. Although tail currents arising from the deinactivation of rapidly inactivating A-like K ϩ channels have been described (Demo and Yellen, 1991; Ruppersberg et al., 1991) , these currents are unlikely to have made a significant contribution to the measurements here. These currents arise primarily from channels passing through an open state in recovering from N-type inactivation. T wo types of A-like current were observed in GP neurons: a high-threshold, TEA-sensitive current attributable to Kv3.4 channels (see Fig. 5 ) and a low-threshold, TEA-insensitive current attributable to Kv4 family channels (our unpublished observations). At Ϫ40 mV (where tail currents were measured), Kv4 family channels are inactivated completely Song et al., 1998) , eliminating any concern about the contribution of these channels to the tail currents. Although potential contributors, the absence of a slow TEAsensitive component of the tail current argues that deinactivation of Kv3.4 channels was not a significant factor in our paradigm .
Rapidly deactivating currents are attributable to Kv3.1/3.2 channels
The rapidly deactivating current was very sensitive to TEA and 4-AP, having IC 50 values of 140 M for both blockers. On the other hand, this current was insensitive to DTX and MgTX. In addition, this component of the current activated at relatively depolarized potentials (V h ϭ Ϫ13 mV). All of these properties are similar to those described for channels containing Kv3.1/3.2 subunits (Vega-Saenz de , with the exception of a slightly more negative activation voltage dependence, which may be attributed to channel phosphorylation (Murakoshi et al., 1997) or minor differences in recording conditions. In agreement with this attribution, both Kv3.1 and Kv3.2 mRNA were detected readily in GP neurons. This finding is in agreement with previous studies localizing Kv3.1 mRNA in the globus pallidus . Serial dilution via scRT-PCR revealed that the abundance of these mRNAs was mainly unimodal, suggesting that there were not prominent subpopulations of the GP neuron, based on expression levels of either mRNA. There also did not appear to be any significant correlation between Kv3.1/3.2 mRNA expression and parvalbumin mRNA expression. Additional studies will be required to determine whether the expression of Kv3 family subunits or the properties of currents arising from these channels are correlated with other features of GP neurons, such as axonal projection site.
Slowly deactivating currents are attributable to Kv2.1 channels
The slowly deactivating delayed rectifier currents were relatively insensitive to 4-AP (IC 50 ϳ6 mM) but possessed a moderate sensitivity to TEA (IC 50 ϭ 0.8 mM). These currents were insensitive to DTX and only marginally sensitive to MgTX. This pharmacological profile suggests that channels containing Kv1.1-3 and Kv1.6 subunits do not make a major contribution to this somatodendritic current (Stuhmer et al., 1989; Swanson et al., 1990; Leonard et al., 1992; Garcia-C alvo et al., 1993; Grissmer et al., 1994; T ytgat et al., 1995) , despite the fact that several of these mRNAs (Kv1.1, 1.2, 1.5, and 1.6) were detected by scRT-PCR analysis of GP neurons. The failure to detect substantial Kv1 family currents in the soma and proximal dendrites of GP neurons is consistent with a number of other studies suggesting that these channels are either in axonal or in distal dendritic regions (Sheng et al., 1992; Song et al., 1998 ) (cf. Maletic-Savatic et al., 1995 .
In contrast, Kv2 family channels possess a pharmacological profile similar to that of the slowly deactivating current. Kv2.1 channels are insensitive to DTX and MgT x (Knaus et al., 1995; Swartz and MacK innon, 1995) and relatively insensitive to 4-AP (Frech et al., 1989; K irsch et al., 1993) . In addition, Kv2.1 currents are slowly inactivating between Ϫ60 and 0 mV, much like the currents producing the slow tail current (VanDongen et al., 1990) . These properties differentiate Kv2.1 currents from those attributable to either Kv1-, Kv3-, KC NQ-, or eag-family channels. As discussed above, Kv1 family channels are unlikely to have made a major contribution to the slowly deactivating delayed rectifier current. A contribution of Kv3-family channels, including the slowly inactivating Kv3.3 channel, can be excluded on the basis of their sensitivity to 4-AP (Schroter et al., 1991; Vega-Saenz de Miera et al., 1994) . KC NQ-family channels are unlikely to have contributed to any significant extent because they exhibit very little inactivation at potentials below ϩ10 mV (Pusch et al., 1998; Tristani-Firouzi and Sanguinetti, 1998; Yang et al., 1998) and are very insensitive to 4-AP (Yang et al., 1998) . Last, eag-family channels can be discarded as important determinants of the observed currents because of their relative insensitivity to both TEA and 4-AP (Faravelli et al., 1996; Shi et al., 1998) . These factors all point to Kv2 family channels as being responsible for the slowly deactivating, slowly inactivating delayed rectifier in GP neurons.
Another compelling argument that the kinetically slower delayed rectifier current is attributable to channels containing Kv2.1 subunits comes from the scRT-PCR experiments. First, semiquantitative scRT-PCR profiles showed that Kv2.1 mRNA was expressed by GP neurons. On a cell-by-cell basis, Kv2.1 mRNA abundance estimates were correlated positively with Kv2.1-like current amplitudes. When the range of Kv2.1 mRNA expression was expanded and profiling was performed only on neurons that had not been subjected to extended dialysis, a very linear relationship was found between Kv2.1 mRNA abundance and Kv2.1-like conductance over a broad range. This relationship resembles that reported between shal gene expression and A-current magnitude in lobster stomatogastric neurons (Baro et al., 1997) . It is difficult to imagine how this strong correlation could have arisen in our case if Kv2.1 subunits were not participants in the channels underlying these currents. This conclusion does not exclude the possibility of heteromeric channels, but the available evidence suggests that Kv2.1/Kv2.2 heteromultimeric channels are unlikely to be important (Blaine and Ribera, 1998) .
The only significant difference between the properties of the slowly deactivating K ϩ current and those of Kv2.1 channels in heterologous expression systems is TEA sensitivity. Kv2.1 channels have been reported to have a TEA IC 50 of 3-10 mM (Frech et al., 1989; Taglialatela et al., 1991; Ikeda et al., 1992) . In GP neurons the slowly deactivating current had a TEA IC 50 of 0.8 mM. The Kv2.1-like current in striatal cholinergic interneurons and basal forebrain neurons possessed a similar TEA sensitivity (data not shown). There are several possible explanations for this discrepancy. Post-translational modification of the extracellular face of the channel (e.g., glycosylation) could alter the apparent affinity for TEA (Kavanaugh et al., 1991) . Another possibility is that auxiliary subunits alter TEA sensitivity (Zagotta et al., 1989) . Auxiliary subunits are known to prolong deactivation time constants (Kramer et al., 1998) and may be responsible for a somewhat slower deactivation time constant in GP neurons at Ϫ40 mV (ϳ89 msec) than found in Xenopus oocytes (ϳ45 msec). A definitive test of the hypothesis that Kv2.1 subunits contribute to the slowly deactivating channels will require alterations in Kv2.1 expression or function in situ. Negative-dominant strategies that use viral vectors currently are being explored to this end. Another means of providing a molecular identification would be the application of Kv2-specific antibodies that disrupt channel function (Murakoshi and Trimmer, 1999) .
The ratio of rapidly to slowly deactivating currents may govern the ability to discharge at high rates Rapidly deactivating K ϩ currents like those attributable to Kv3.1/ 3.2 channels have been associated with "fast spiking" or the capacity to discharge at high rates for a sustained period of time in a variety of brain neurons, including interneurons (Du et al., 1996; Massengill et al., 1997; Martina et al., 1998) and auditory neurons (L. Wang et al., 1998) . The speed with which these channels deactivate minimizes hyperpolarizing K ϩ currents after spike repolarization, effectively shortening the relative refractory period. However, these rapidly deactivating currents typically are coexpressed with more slowly deactivating currents that can moderate their impact on discharge patterning and rates. For example, Martina et al. (1998) found that the ratio of rapidly to slowly deactivating currents in fast spiking hippocampal interneurons was ϳ2, whereas it was Ͻ0.5 in slowly spiking hippocampal pyramidal neurons. In GP neurons having detectable levels of PV mRNA, this ratio was close to that in hippocampal interneurons (ϳ1.5), whereas it was significantly lower in neurons lacking detectable levels of PV mRNA (ϳ0.9). This difference is consistent with reports that approximately three-fourths of the GP population (presumably PV-expressing neurons) in rat are capable of discharging repetitively at high rates (Kita and Kitai, 1991) . A similar behavior is found in primates, for which a high, regular discharge rate is thought to be functionally important (Wichmann and DeLong, 1996; Bergman et al., 1998) . Although our scRT-PCR profiling was not able to resolve differences in Kv3.1 and Kv2.1 expression that could explain the differences in the ratio of rapidly to slowly deactivating currents, it is our working hypothesis that this simply reflects current technical limitations in estimating small differences in mRNA abundance in single cells.
